The multicopy 2-micron plasmid of Saccharomyces cerevisiae, a resident of the nucleus, is remarkable for its high chromosome-like stability. The plasmid does not appear to contribute to the fitness of the host, nor does it impose a significant metabolic burden on the host at its steady state copy number. The plasmid may be viewed as a highly optimized selfish DNA element whose genome design is devoted entirely to efficient replication, equal segregation, and copy number maintenance. A partitioning system comprised of two plasmid-coded proteins, Rep1 and Rep2, and a partitioning locus, STB, is responsible for equal or nearly equal segregation of plasmid molecules to mother and daughter cells. Current evidence supports a model in which the Rep-STB system promotes the physical association of the plasmid with chromosomes and thus plasmid segregation by a hitchhiking mechanism. The Flp site-specific recombination system housed by the plasmid plays a critical role in maintaining a steady state plasmid copy number. A decrease in plasmid population due to rare missegregation events is rectified by plasmid amplification via a recombination-induced rolling circle-like replication mechanism. Appropriate plasmid amplification, without a runaway increase in copy number, is ensured by positive and negative regulation of FLP gene expression by plasmid-coded proteins and by the control of Flp level/activity through host-mediated posttranslational modification(s) of Flp. The Flp system has been successfully utilized to understand mechanisms of site-specific recombination, to bring about directed genetic alterations for addressing fundamental problems in biology, and as a tool in biotechnological applications. M. 2014. The partitioning and copy number control systems of the selfish yeast plasmid: an optimized molecular design for stable persistence in host cells. Microbiol Spectrum 2(5): PLAS-0003-2013.
INTRODUCTION
Selfish genetic elements (1) (2) (3) (4) , widespread in nature, are characterized by their ability to replicate efficiently and maintain themselves stably in host cell populations. A subset of these elements harbors the capacity to spread within a genome or, via horizontal transmission, between genomes. Selfish elements can also be frequently acquired by sexual transmission. The degree of selfishness can vary significantly among different elements. Some may increase the host's fitness at least under certain conditions and, in doing so, add to their own fitness in a self-serving fashion. Others may be more decidedly selfish in that they contribute little toward the host's fitness. Their long-term persistence is sustained solely by their capacity for replication and transmission during growth and division of host cells.
Selfish elements may be broadly divided into two groups: those that are integrated into the chromosome(s) of the host and those that remain extrachromosomal (reviewed in reference 4). The integrated class includes insertion sequences, lysogenic states of several bacteriophages, mobile DNA elements, and families of repeated DNA found in eukaryotes. The extrachromosomal class encompasses plasmids, lysogenic forms of certain bacterial viruses, RNA intermediates involved in the retro-transposition of mobile elements, and episomes of mammalian viruses belonging to the gamma herpes and papilloma families. Plasmids, found abundantly among prokaryotes, are almost nonexistent among eukaryotes, except for those encountered among members of the budding yeast (Saccharomycetaceae) lineage. The gamma herpes and papilloma viruses, whose extended latent periods of infection are characterized by their stable episomal existence, may be regarded as plasmid impostors of the eukaryotic world (5, 6) .
We review here the properties of the 2-micron plasmid found nearly ubiquitously in Saccharomyces strains that justify its inclusion under the selfish DNA moniker. Furthermore, we describe the biochemical features and applications of a site-specific recombination system harbored by the plasmid. Based on genetic organization and functional attributes, it is logical to posit that the 2micron plasmid is an authentic representative of the yeast plasmid family with respect to replication, segregation to daughter cells during cell division, and maintenance and regulation of copy number (7) .
THE 2-MICRON PLASMID: AN OPTIMIZED AND MINIATURIZED SELFISH DNA ELEMENT
The 2-micron plasmid is a relatively small doublestranded circular DNA genome (∼6.3 kbp) present in the yeast nucleus at an average copy number of 40 to 60 per haploid cell (7) (8) (9) . The stability of the plasmid is remarkably similar to that of the host chromosomes, the loss rate being as low as 10 −5 to 10 −4 per cell division. Four protein coding regions together with the cisacting sequences important for replication, partitioning, and copy number control leave little room to spare in the compactly designed plasmid genome (Fig. 1A) . Even minor disruptions of the genetic organization of the plasmid lead to prominent deleterious effects on its physiology. Two-micron based artificial plasmids routinely used for genetic manipulations in yeast are two to three orders of magnitude less stable than the native plasmid. The 2-micron plasmid may be looked upon as a minimalist selfish DNA tailored for maximum functional efficiency.
The plasmid replication origin (ORI) is functionally equivalent to a chromosomal origin, so that each plasmid molecule replicates once (and only once) during S phase by utilizing the host replication machinery (10) . The duplicated plasmid population is distributed equally (or almost equally) to mother and daughter cells by the plasmid partitioning system comprised of the Rep1 and Rep2 proteins and the STB locus (7, 11) . Doubling of the copy number followed by equal (or almost equal) segregation marks the normal steady state lifestyle of the plasmid.
The copy number control system comes into play only when there is a reduction in plasmid population due to a rare missegregation event. The restoration of the copy number is mediated by a site-specific recombination system consisting of the Flp protein and its target sites (FRTs) embedded within a 599-bp inverted repeat region. The Raf1 protein positively regulates amplification. According to the currently accepted model (12, 13) , plasmid amplification is triggered by a recombination event early during bidirectional replication when the ORI-proximal FRT site, but not the distal one, has been duplicated (Fig. 1B) . The DNA inversion resulting from a crossover between the unreplicated FRT and a copy of the duplicated one will cause the replication forks to travel in the same direction around the circular template. This nonstandard mode of replication by the two unidirectional forks spins out multiple tandem copies of the plasmid without the need for ORI to fire more than once. Amplification can be terminated by a second recombination event that restores bidirectional fork movement. The amplified plasmid DNA can be resolved into single plasmid molecules by recombination mediated by Flp or by the host homologous recombination machinery.
The mechanism for dealing with a higher than steady state copy number caused by missegregation, if such a mechanism exists, is not clear. It is possible that the copy number may be lowered by under-replication, although there is no experimental evidence to support this notion. Very high plasmid copy numbers have a strong negative effect on cellular function, leading to premature lethality of such cells (14) (15) (16) . Thus, cells bearing an undue plasmid burden would be eliminated from a growing population over time.
In sum, the 2-micron plasmid genome is comprised of three functional modules devoted to the sole purpose of self-perpetuation. They ensure (i) precise duplication of the plasmid population during a cell cycle, (ii) equal plasmid segregation at the time of nuclear division, and (iii) preservation of the plasmid copy number in individual cells.
COPY NUMBER CONTROL: PLASMID-AND HOST-MEDIATED REGULATORY MECHANISMS
There is an intricate communication between the partitioning and amplification systems by which an untoward increase in plasmid copy number is avoided (17) (18) (19) (Fig. 1C ). The Rep1 and Rep2 proteins are thought to form a bipartite negative regulator that represses the expression of the FLP, RAF1, and REP1 genes. REP2 appears to be constitutively expressed. The level of Rep1 not only provides a measure of the plasmid copy number but also determines the effective concentration of the Rep1-Rep2 repressor. When the plasmid copy number falls below the steady state value, the corresponding drop in Rep1 reduces the repressor concentration below the threshold required for turning off FLP and RAF1 expression. As a result, the amplification system is activated. The Raf1 protein is thought to antagonize the repressor, thereby augmenting plasmid amplification. When the steady state copy number is restored, the increase in Rep1 raises the Rep1-Rep2 concentration above the threshold, thus turning off the amplification system. The design of this genetic regulatory circuit quickly triggers the amplification response when called for without incurring the danger of a runaway increase in the plasmid population.
In addition to the plasmid-instituted control of the copy number at the level of gene expression, there is also host-mediated posttranslational regulation of Flp (20, 21) . Flp is modified by sumoylation, which may regulate its activity and/or its stability. Sumoylation could provide the signal for the secondary modification of Flp by ubiquitination and its subsequent degradation by the proteasome pathway. Under conditions that disrupt sumoylation homeostasis, the 2-micron plasmid copy number rises to very high levels, causing cell lethality. A plausible cause for this aberrant plasmid amplification is the conversion of a Flp-induced stand nick at the FRT site into a double-strand DNA break as a result of replication (Fig. 2) . The invasion by the broken end of a circular plasmid template, promoted by the host's homologous recombination/repair machinery, and repeated rounds of replication would result in an amplified plasmid concatemer. The mechanism is analogous to that proposed for the generation of copy number variations in eukaryotic genomes and the maintenance of telomere length by a telomerase-independent alternative pathway (22) (23) (24) (25) .
The transcriptional and posttranslational controls of plasmid amplification exemplify strategies by which a selfish genome and its host genome establish long-term coexistence with minimal conflicts between them.
CHROMOSOME-COUPLED SEGREGATION OF THE 2-MICRON PLASMID
The organization of the 2-micron plasmid partitioning system is deceptively similar to that of well-characterized bacterial plasmid partitioning systems in that it is comprised of two plasmid-coded proteins (Rep1 and Rep2) and a cis-acting locus (STB) that contains iterations of a consensus sequence element (7) . However, there is no evidence to suggest functional similarities between the yeast and bacterial systems. For example, neither Rep1 nor Rep2 harbor sequence motifs that would typify an ATP binding/hydrolyzing activity. The fact that the 2-micron plasmid houses a tyrosine family site-specific recombinase (Flp) would be consistent with a prokaryotic origin of the plasmid, as tyrosine recombinases are more abundant in prokaryotes than in eukaryotes. In members of the budding yeast lineage, the recombinases are coded for by 2-micron related plasmids. Assuming that a prokaryotic DNA element acquired by an ancestral budding yeast via horizontal transmission served as the progenitor of the extant 2-micron plasmid, the Rep-STB system must represent the evolutionary transformation of the original partitioning system during adaptation to a new biological niche.
Plasmids capable of autonomous replication in yeast but lacking an active partitioning system, called ARS plasmids, are rapidly lost in the absence of continuous selection. This high instability is caused by the strong tendency of plasmid molecules to stay in the mother nucleus, causing their depletion from daughter cells (26) (27) (28) (29) . A variety of observations suggest that the Rep-STB system overcomes the mother bias by coupling plasmid segregation to chromosome segregation. For example, a number of mutations that conditionally disrupt normal chromosome segregation, ipl1-1(T s ) being one, also cause the 2-micron plasmid to missegregate ( Fig. 3A ) (30, 31) . Furthermore, the plasmid tends to cosegregate with the missegregating bulk of chromosomes. Under the same conditions, an ARS plasmid does not show any coupling to chromosomes ( Fig. 3B ). Instead, it missegregates frequently with the characteristic strong mother bias. Attempts to uncouple plasmid segregation from chromosome segregation, except by employing conditions that directly or indirectly disable the partitioning system, have been unsuccessful. The most parsimonious hypothesis consistent with currently available data is that the 2-micron plasmid physically attaches to chromosomes and segregates by a hitchhiking mechanism (7, 30, 32) . However, a chromosomeindependent mode of plasmid segregation cannot be ruled out unequivocally. Direct spindle-mediated segregation of the plasmid is highly unlikely. Components of the kinetochore complex, which is responsible for linking centromeres to the mitotic spindle, have not been detected at STB. The presence of two or more STB loci within a single plasmid does not lead to instabilities normally observed when two centromere (CEN) sequences are harbored by a plasmid. Delaying spindle assembly until metaphase during a cell cycle does not affect plasmid or chromosome replication. However, upon spindle restoration, chromosomes form normal spindle attachments and segregate equally, whereas the plasmid missegregates (30) . This result is more readily explained by the requirement of the premetaphase spindle for plasmid-chromosome coupling rather than by spindle-mediated plasmid segregation.
THE STB LOCUS: A SITE FOR HIGH-ORDER ASSEMBLY OF PROTEIN FACTORS
The Rep1 and Rep2 proteins interact with each other in vivo and in vitro, and they associate with the STB locus in vivo (33) (34) (35) (36) . The tripartite DNA-protein interactions are crucial for the plasmid partitioning function. Point mutations in Rep1 that disrupt its interaction with either Rep2 or STB lead to high plasmid instability (37) . However, direct binding of either Rep1 or Rep2 to STB in vitro has been difficult to demonstrate by standard methods such as gel mobility shift assays. Evidence has been presented for the binding of Rep2 to STB in vitro (38) . Perhaps, the interactions of these proteins with STB may be nucleated or stabilized by a host factor or factors (34) . Alternatively, the chromatin organization of STB may be important for the recruitment of the Rep proteins.
The STB locus can be divided arbitrarily into two regions of approximately equal size with respect to their distances from the plasmid replication origin (39) FIGURE 1 Genetic organization of the yeast plasmid and its copy number regulation. (A) The double-stranded DNA genome of the yeast 2-micron plasmid is generally represented as a dumbbell-shaped molecule to highlight the 599-bp inverted repeat (the handle of the dumbbell) that separates two unique regions. The four coding regions harbored by the plasmid are REP1, REP2, FLP, and RAF1. The directions in which these loci are transcribed are indicated by the arrowheads. The plasmid replication origin is indicated as ORI. Flp is a site-specific recombinase, whose target sites (FRTs) are embedded within the inverted repeat region. The plasmid partitioning locus STB can be divided into originproximal (STB-proximal) and origin-distal (STB-distal) segments. There are five repetitions of a 60-bp consensus sequence in STB-proximal. STB-distal, which harbors the termination signal for two origin-directed plasmid transcripts (1,650 and 700 nucleotides long) as well as a silencing element (shaded box), maintains STB-proximal as a transcription-free zone. The Rep1-Rep2-STB system ensures equal plasmid segregation. The (Flp-FRT)-Raf1 system is responsible for the maintenance of the steady state plasmid copy number. (B) The mechanism proposed for copy number correction of the plasmid by amplification (12) invokes a Flp-mediated recombination event that changes the direction of one of the replication forks (indicated by the thin short arrows) with respect to the other during bidirectional replication of the plasmid. The ensuing dual unidirectional mode of replication amplifies the plasmid as a concatemer of tandem plasmid units. There is a marked asymmetry in the location of the FRT sites (thick arrows) with respect to the replication origin (ORI). The consequent difference in their replication status, one duplicated and the other not, is responsible for the relative inversion of the replication forks as a result of recombination between them. (C) Efficient amplification without the danger of an unregulated increase in plasmid copy number is prevented by a transcriptional regulatory network. The putative [Rep1-Rep2] repressor negatively regulates FLP, RAF1, and REP1 expression. Raf1 is thought to antagonize the action of the [Rep1-Rep2] repressor. doi:10.1128/microbiolspec.PLAS-0003-2013.f1 ( Fig. 1A) . STB-proximal, consisting of five copies of a 60-bp consensus element (the iteron unit), appears to engender the partitioning function. STB-distal likely plays a secondary role in partitioning by helping to maintain STB-proximal in its active state. A transcription terminator sequence present within STB-distal serves to keep STB-proximal a transcription-free zone. STB-distal also harbors a silencer element that can turn down the activity of a promoter when placed adjacent to it. The potential contributions of the transcription terminator and the silencer toward plasmid partitioning have not been rigorously analyzed.
A number of host factors that associate with centromeres and contribute to normal chromosome segregation are also recruited at STB and promote equal plasmid segregation. These include the RSC2 chromatin remodeling complex, the Kip1 nuclear motor protein, the yeast cohesin complex, and the centromere-specific histone H3 variant Cse4 (40) (41) (42) (43) (44) . At least a subset of these factors may affect plasmid stability indirectly through their effects on chromosome segregation. The lack of Rsc2 causes a significant increase in plasmid loss without obvious deleterious effects on chromosome segregation (44) . Presumably, the RSC1 chromatin remodeling complex, in which Rsc2 is replaced by its functional homologue, Rsc1, can satisfy the requirements for chromosome segregation. The association of the cohesin complex as well as Cse4 at STB is highly substoichiometric (42, 45) , raising concerns about their functional relevance to plasmid partitioning. However, the assembly of multiple plasmid molecules into one unit may help these factors to act in a catalytic manner by recycling among members of the unit. Such group behavior may be advantageous to a selfish genetic element by limiting its dependence on factors that are critical for the host's well-being but are in short supply.
The substoichiometric nature of Cse4 at STB also calls into question whether it is an authentic constituent of a specialized nucleosome assembled at STB. Cse4-STB association has been demonstrated by chromatin immunoprecipitation (ChIP) assays utilizing DNA-protein cross-linking or, alternatively, by plasmid pull-down assays in the absence of cross-linking (41, 42) . Both types of analyses also reveal Cse4-centromere association, with the distinction that the efficiency of centromere (CEN) recovery in the plasmid pull-down assays is several-fold higher relative to STB. A Cse4 directed antibody can specifically bring down CEN DNA corresponding to a single nucleosome from micrococcal nuclease digested chromatin (46) . In this assay, the immunoprecipitated CEN DNA is detected by Southern analysis, but STB DNA is not (Sue Biggins, personal communication). In analogous assays, we are able to use PCR to visualize both CEN and STB in the immunoprecipitated DNA but detect neither sequence by Southern analysis (42) (unpublished data). Whether FIGURE 3 Segregation of the 2-micron plasmid in the Ipl1-1 mutant. When the Ipl1 (aurora kinase) function is inactivated by a temperature-sensitive mutation, chromosomes frequently missegregate (shown here by the unequal DAPI staining in the mother and daughter compartments). (A) A multicopy 2-micron reporter plasmid, fluorescence tagged by (GFP-LacI)-LacO interaction, also shows high missegregation under this condition (31) . Furthermore, the plasmid tends to be retained most often in the cell compartment that contains the bulk of the chromosomes. (B) The segregation of a plasmid lacking STB (an ARS plasmid) is not coupled to that of the chromosomes. However, such a plasmid missegregates frequently regardless of the Ipl1 status. doi:10.1128/microbiolspec.PLAS-0003- 2013 Cse4-STB association is in the form of a nucleosome or whether this association is nonnucleosomal remains an open question. Nevertheless, the differences between CEN and STB in the requirements for Cse4 recruitment (41, 42) , as well as the distinct life times of Cse4-CEN and Cse4-STB associations during the cell cycle (41) , suggest that the interaction between Cse4 and STB is authentic.
The localization of Cse4 to noncentromeric regions of yeast chromosomes has been established by ChIP followed by hybridization to DNA microarrays and also by ChIP in conjunction with DNA sequencing (ChIp-Seq) (47, 48) . In one of the assays (47), the regions enriched in Cse4 association include repeated loci such as Ty transposable elements, telomeres, and ribosomal DNA. In the other assay (48) , the enriched loci, termed centromere-like regions, map near centromeres, and at least a subset of these sequences enhance the segregation potential of reporter plasmids and chromosomes. It is possible that centromere-like regions might denote ancient centromere sequences that became diverged or lost during the steps leading to the evolution of the present day budding yeast centromeres. As described in the succeeding section, the STB locus might have played a significant role in this evolutionary process.
THE BUDDING YEAST CENTROMERE (CEN) AND STB: A SHARED EVOLUTIONARY ANCESTRY?
The extremely short, and genetically defined, point centromere of the budding yeast stands out in sharp contrast to the much larger epigenetically specified regional centromeres common to nearly all eukaryotes (49) . Interestingly, there is a strong correlation between the time of emergence of the point centromere and the partial or nearly complete loss of siRNA and heterochromatin machineries, which are central to the establishment and maintenance of regional centromeres, in the budding yeast lineage (50) . Furthermore, this is the only lineage among eukaryotes whose members (though not all) harbor plasmids related to the 2-micron circle. Based on these circumstantial pieces of evidence, it has been speculated that an ancestral STB locus was domesticated by chromosomes as the point centromere to meet the evolutionary exigency that negated the assembly and function of regional centromeres (49) . With the acquisition of a new type of centromere, the defunct centromeres would have diverged or become lost.
If the above model for the evolutionary transition to the point centromere is correct, it follows that the yeast chromosomes and the 2-micron plasmid utilized the same segregation mechanism at one point in their evolutionary history. The cost of bearing the plasmid burden, however small, would have provided the stimulus for the chromosome segregation machinery to evolve away from the plasmid segregation mechanism. The plasmid, in turn, might have evolved counterstrategies to indirectly exploit the logic of chromosome segregation to bolster its own propagation. The present day spindle-based chromosome segregation and chromosome-coupled plasmid segregation might thus represent two divergent solutions to the problem of achieving equal segregation, arrived at from a common start point.
The association of chromosome segregation factors at STB would be consistent with a shared evolutionary history between STB and CEN. While a subset of these associations may be relevant to the current plasmid segregation pathway, others may be evolutionary vestiges with little physiological significance. A recent analysis revealed that the functional states of STB and Saccharomyces cerevisiae CEN engender an unusual positive supercoil (51, 52) . It has been argued that DNA is wrapped in a nonstandard right-handed fashion around the specialized Cse4-containing nucleosome core present at CEN (51). The net positive supercoiling contributed by STB also requires conditions that foster the association of Cse4 with STB. The substoichiometric nature of Cse4-STB interaction rules out the presence of a Cse4-containing nucleosome at every STB. Perhaps the short-lived assembly of a Cse4-containing nucleosome at STB or a transient nonnucleosomal interaction between Cse4 and STB may be sufficient to induce a positive supercoil. This DNA topology may then be stably entrapped by other proteins present at STB. We cannot strictly exclude the possibility that the positive supercoiling conferred by STB results from the loss of one or two standard nucleosomes. Nevertheless, the potential presence of a positive supercoil at CEN and STB chromatin adds another tantalizing piece of circumstantial evidence to a growing list suggesting a common ancestry for the partitioning loci of the 2micron plasmid and the chromosomes of its host.
ORGANIZATION OF THE 2-MICRON PLASMID AND THE FUNCTIONAL PLASMID UNIT DURING SEGREGATION
Fluorescence-tagged STB reporter plasmids tend to form three to five foci in individual haploid nuclei. Given the mean copy number of 40 to 60 of the native plasmid, it has been assumed that each fluorescent focus comprises several coalesced plasmid molecules. The plasmid foci are often seen in close proximity to each other and appear to segregate in time lapse assays as a close-knit cluster (31) . It is now clear that plasmid segregation as a single clustered unit is an incorrect impression conveyed by the small size of the haploid nucleus and the resolution limits of the microscopy assays (32) (unpublished data). Rather, each plasmid focus appears to function as an independent entity in segregation. This notion is further supported by the analysis of diploid cells with larger nuclei (and containing approximately double the plasmid copy number compared to haploid cells) going through meiotic cell divisions (unpublished data). In chromosome spreads prepared from cells at the pachytene stage of meiosis I, the 8 to 10 plasmid foci on average observed per cell are well resolved from each other.
SINGLE COPY FLUORESCENCE-TAGGED REPORTER PLASMIDS
One of the problems with assaying plasmid segregation precisely is the multicopy nature of STB plasmids and the attendant uncertainties in quantitating plasmids in mother and daughter nuclei by standard microscopy tools. This impediment has been solved by using fluorescence-tagged single copy reporter plasmids (32, 53) . The general designs of such plasmids, placed in strains expressing GFP-LacI, are illustrated in Fig. 4 . In one strategy, the plasmid copy number is reduced to one or close to one by incorporating a CEN into it (Fig. 4A) . The CEN can be conditionally inactivated by driving copious transcription through it from a galactoseinducible promoter. In an alternative strategy, the reporter plasmid is excised from its integrated state in a haploid chromosome (Fig. 4B) . In a single cell cycle, the segregation of plasmid sisters formed during S phase can be followed as 1:1 (equal), 2:0 (unequal with a mother bias), and 0:2 (unequal with a daughter bias) at the anaphase stage ( Fig. 4C ). Under this experimental regimen, equal plasmid segregation under CEN control is 85 to 90%, whereas that under STB control is ∼70%. By contrast, the corresponding value for an ARS plasmid is ∼25% with the missegregation biased strongly (90%) toward the mother (2:0).
Analyses using two single copy reporter plasmids, one tagged by green fluorescence [(GFP-LacI)-LacO interaction] and the other by red fluorescence [(TetR-RFP)-TetO interaction] in a strain expressing the two hybrid repressors, revealed that STB plasmids segregate in a sister-from-sister fashion (red from red and green from green) at a frequency significantly higher than that predicted for random association and segregation of the replicated plasmid molecules ( Fig. 5) (53) . This finding necessitates the following refinement of the hitchhiking model. If the model is valid, STB plasmid sisters must hitchhike on sister chromatids in order to segregate in a one-to-one fashion.
TESTS OF THE REFINED HITCHHIKING MODEL: DO SISTER PLASMIDS SEGREGATE BY ASSOCIATING WITH SISTER CHROMATIDS?
One way to test the hitchhiking model is to force the cosegregation of sister chromatids to the same cell pole during mitosis and scrutinize the behavior of plasmid sisters under this manipulation. The cosegregation of sister chromatids, which is antithetical to normal mitosis, and the separation of homologues is the norm during the first division of meiosis. This reductional mode of chromosome segregation is accomplished by the monopolin complex, which clamps down sister kinetochores with assistance from Sgo1 (shugoshin) and Ipl1 (aurora kinase) (54) (55) (56) (57) (58) (59) . By inappropriately expressing the monopolin complex early during a mitotic cell cycle, it is possible to direct sister chromatids to stay in the mother or migrate to the daughter (57) (Fig. 6A ). The monopolin directed cosegregation of sister chromatids occurs at roughly 30% frequency without mother-daughter bias (Fig. 6B, right) . STB plasmid sisters mimic sister chromatids in cosegregating under the influence of monopolin in a bias-free fashion (32) ( Fig. 6B , left, and 6C). By contrast, ARS plasmids behave very differently from sister chromatids and STB plasmid sisters, and retain their strong mother bias. When monopolin expression is combined with the inactivation of Ipl1, a small but distinct daughter bias is imparted to sister chromatid cosegregation. A similar bias is also observed for STB plasmid sisters. Conditions that uncouple STB plasmid segregation from chromosome segregation, postponing spindle assembly until metaphase (60), for example, abolish the correlation between sister chromatids and STB plasmid sisters in their segregation patterns during monopolin-driven mitosis (Fig. 6D) .
In more recent experiments, blocking the disassembly of the cohesin complex, which holds pairs of sister chromatids together until the onset of anaphase (61-64), has been utilized as the means for driving all chromosomes to the same cell compartment (unpublished data). Under this regimen, chromosome retention occurs in either the mother or the daughter. Even though spindle organization and separation of the duplicated spindle pole bodies are not normal under this condition, entry of the nucleus into the bud and nuclear division are not blocked. The nuclei lacking chromosomes are often malformed and have a collapsed appearance. Despite the perturbation of the mitotic cell cycle and nuclear segregation, this analysis clearly demonstrates the near perfect correlation between chromosomes and STB plasmid sisters in their cosegregation. No such correlation is observed for ARS plasmid sisters.
The segregation results obtained by enforcing limited or total missegregation of chromosomes strongly favor the hitchhiking model in which sister copies of the 2micron plasmid adhere to sister chromatids in a one-toone fashion. Whether this mechanism operates in the native context of a segregation unit comprising several plasmid molecules is not clear. One possibility is that a high-order organization within a plasmid group distributes each pair of plasmid sisters formed by replication into each of two sister plasmid groups. In other words, the plasmid group is duplicated in a precisely templated fashion. Although the segregation pattern of the single copy green and red fluorescence-tagged STB plasmids, referred to earlier, is consistent with this possibility, a more direct test of the model is beyond our present technical capability.
THE PLASMID AMPLIFICATION SYSTEM: IN VIVO ANALYSES
The Flp site-specific recombination system, responsible for the maintenance of the 2-micron plasmid copy number, has been studied only to a limited extent with respect to its in vivo physiological function. The absolute requirement of the recombination system for plasmid amplification has been demonstrated unequivocally (13) . However, direct proof for the generally accepted amplification mechanism proposed by Futcher (12) is lacking. The replication intermediates predicted by the Futcher model have not been experimentally observed. An alternative pathway for amplification is the resolution of a plasmid dimer by Flp recombination while in the act of bidirectional replication (Fig. 7) . Pince-nez structures, two-unit-length 2-micron circles interconnected by DNA chains of variable length, observed by electron microscopy under DNA elongation arrest by the cdc8 mutation would be consistent with an amplifying plasmid dimer (65) . Finally, the proposed overamplification of the 2micron plasmid under misregualtion of Flp, initiated by a linear form of the plasmid (21) (Fig. 2) , may represent a normal copy number control mechanism gone awry by perturbing posttranslational modification(s) of Flp. The available genetic and biochemical evidence, though rather limited, highlight the critical role of self-imposed and host-imposed safeguards against unrestricted increases in plasmid population, which would be harmful to the host and, in turn, to the plasmid.
Flp SITE-SPECIFIC RECOMBINATION SYSTEM: IN VITRO ANALYSES
In contrast to the paucity of in vivo analyses of Flp function, Flp-mediated recombination has been studied extensively in vitro as a model for phosphoryl transfer reactions in nucleic acids. Flp belongs to the tyrosine family of site-specific recombinases, whose members utilize an active-site tyrosine residue as the nucleophile to break the scissile phosphate ester bond during the strand cleavage step of recombination. The moleculargenetic, biochemical, and structural information derived from Flp and mechanistically related recombinases have revealed the conformational, mechanistic, and dynamic attributes that underlie tyrosine family site-specific recombination (66) (67) (68) (69) (70) (71) (72) . While tyrosine recombinases follow the typical type IB topoisomerase chemical mechanism, they do so in the context of a recombination synapse containing two DNA partners, each bound by a pair of recombinase monomers (Fig. 8A) . The reaction is completed in a carefully orchestrated sequence of two temporally separated steps of single-strand exchanges. The first step generates a Holliday junction as an obligatory intermediate; the second step resolves the junction into reciprocal recombinants.
Flp ACTIVE SITE: ORGANIZATION AND MECHANISM
The canonical active site of a tyrosine recombinase is characterized by an invariant tyrosine nucleophile utilized for strand cleavage as well as a highly conserved catalytic pentad (Arg-Lys-His-Arg-His/Trp) that helps stabilize the transition states involved in the strand scission and strand union reactions (72, 73) . In addition, a conserved glutamic/aspartic acid residue appears to contribute structurally to the functional state of the active site (74) . In Flp, the pentad residues of Arg-191, Lys-223, His-305, Arg-308, and Trp-330, assisted by Asp-194, serve to balance the negative charge on the scissile phosphate as well as to activate and orient the Tyr-343 nucleophile (75) (76) (77) (78) (Fig. 8B) . The strand cleavage step results in the covalent attachment of the tyrosine to the 3′-phopshate end and the exposure of the 5′-hydroxyl group adjacent to it. This 5-hydroxyl group is the nucleophile that attacks the phosphotyrosyl intermediate during the strand-joining reaction. When the joining reactions are directed across DNA partners, rather than within them, the result is the formation of reciprocal recombinant products.
While the active site mechanism described above is common to the tyrosine family, the organization of the Flp active site differs from that of other wellcharacterized members of this family such as phage λ integrase, phage P1 Cre, and Escherichia coli XerC-XerD recombinase. Whereas the norm is the assembly of a fully functional active site within a monomer (79) (80) (81) (82) (83) , the Flp active site is assembled at the interface of two neighboring Flp monomers (75, 84) . One Flp monomer provides the proactive site (shown in green in Fig. 8A, B) comprised of the catalytic pentad and Asp-194, while the second monomer (shown in magenta in Fig. 8A, B) donates the tyrosine nucleophile in trans. The shared active site may be a common feature of the subfamily of tyrosine recombinases related to Flp housed by budding yeast plasmids (85) . However, allosteric interaction with a neighboring monomer may be important for active site activation even in recombinases that assemble their active sites in cis. The unusual active site design of Flp has been particularly helpful in probing its active site mechanism using experimental strategies that are not applicable to recombinase active sites with a cis configuration. For example, exogenous nucleophiles that mimic the tyrosine nucleophile, in conjunction with the catalytically inactive Flp(Y343F), can recapitulate the mechanistic features of the normal strand cleavage reaction (86, 87) .
Within the recombination synapse, the interactions among the four Flp monomers permit only two of the four Tyr-343 residues to be oriented in their reactive configuration (88) . This half of the site's activity accounts for the cleavage/exchange of the DNA strands two at a time (88, 89) . The formation of the Holliday junction intermediate is accompanied by the isomerization of its arm configuration, which results in the inactivation of the original pair of active sites and the activation of the new pair. The resulting cleavage/ exchange of the second pair of strands resolves the junction. The majority of biochemical and topological evidence, as well as structural data, is consistent with the antiparallel arrangement of the target sites within the recombination synapse (Fig. 8A ).
FIGURE 6
Segregation of a single copy reporter plasmid during monopolin-directed mitosis. (A, B) The segregation of a fluorescence-tagged chromosome or a single copy reporter plasmid (pSTB) is scored as 1:1 (equal segregation), 2:0 (mother-biased cosegregation), or 0:2 (daughter-biased cosegregation) during a normal or a monopolindirected mitotic cell cycle. A subset of the missegregated plasmid sisters is often seen as coalesced or overlapping foci. The normal 1:1 segregation of sister chromatids is perturbed by monopolin toward 2:0 or 0:2 segregation. A similar effect is seen for pSTB as well. (C, D) In these radar plots, the degree of correlation between a reporter plasmid and a chromosome in their segregation patterns under the influence of monopolin is represented in terms of three variables: deviation from equal segregation (V′ e ), tendency toward mother segregation (V′ m ), and tendency toward daughter segregation (V′ d ). (C) The strong correlation between an STB plasmid and a chromosome in their bias-free cosegregation under the influence of monopolin is conveyed by the near congruence of the blue and green triangles. The absence of such correlation between an ARS plasmid (lacking STB) and a chromosome is evinced by the nonoverlapping disposition of the red triangle. (D) Under conditions that uncouple the segregation of the 2-micron plasmid from that of the chromosomes, the tight correlation between an STB reporter plasmid and a reporter chromosome breaks down during monopolin directed mitosis. In the example shown here, the G1 to G2/M phase of the cell cycle is contrived to proceed in the absence of a functional spindle (by treatment with nocodazole). The metaphase arrested cells are washed free of nocodazole to permit spindle assembly and continuation of the cell cycle. Further details can be found in reference 32. doi:10.1128/microbiolspec.PLAS-0003-2013.f6
PROBING THE Flp ACTIVE SITE MECHANISM USING CHEMICAL MODIFICATIONS OF THE SCISSILE PHOSPHATE GROUP
Modifications of the nonbridging oxygen atoms of the phosphate group to alter its electronegativity and/or stereochemistry and of the bridging oxygen atoms to modulate leaving group potential (Fig. 9A, B) have provided a useful tool for analyzing mechanistic features of strand breakage and union reactions in nucleic acids. Shuman and colleagues have successfully exploited the replacement of one of the nonbridging oxygens on the scissile phosphate by sulfur (phosphorothioate) or the methyl group (methylphosphonate; MeP) as well as the 5′-bridging oxygen by sulfur (5′-thiolate) to unveil several active site attributes of vaccinia type IB topoisomerase (90) (91) (92) (93) . Analogous strategies have been employed for analyzing mechanistic features of the Flp active site (94, 95) . Such studies have been performed predominantly using half-site substrates containing a single scissile phosphate or a modified scissile phosphate (Fig. 9C ) together with Flp variants harboring specific active site mutations.
Reactions with a 5′-thiolate substituted DNA substrate have revealed a subtle role for Trp-330 of Flp in facilitating the departure of the 5′-hydroxyl group during the strand cleavage step (77) . The primary function of Trp-330 is in promoting the proper alignment of the Tyr-343 nucleophile donated in trans through hydrophobic/van der Waals interactions (77, 96) . Flp(W330H) is strongly compromised in its cleavage potential, while Flp(W330A) has barely detectable cleavage activity. However, both mutants show vastly improved activity on a substrate containing the 5′thiolate modification. The thiol is a better leaving group than hydroxyl because of its lower pK a . Thus, the catalytic deficiency caused by the absence of Trp-330 can be significantly ameliorated by a DNA modification that facilitates leaving-group departure.
The reactivity of Flp variants on MeP substrates demonstrates that neutralization of the phosphate negative charge in its ground state permits transition state stabilization in the absence of one of the two conserved arginines (Arg-191 or Arg-308) of the Flp active site (94, 95) . Flp(R191A) and Flp(R308A) are reactive on halfsite substrates containing MeP substitution at the scissile position (Fig. 10A, B) , whereas both these variants are almost completely inactive on phosphate containing DNA substrates. The electrostatic suppression of the lack of a positive charge in the recombinase active site by a compensatory charge substitution in the scissile phosphate of the DNA substrate has also been demonstrated for the Cre recombinase (97, 98) .
AN EXTRACATALYTIC ROLE FOR Arg-308 OF Flp REVEALED BY THE MeP REACTION
Flp(R308A) promotes direct hydrolysis of the MeP substrate without forming the tyrosyl intermediate ( Fig. 10B) (94) . In the absence of Arg-308, the abundant water nucleophile gains access to the reaction center, outcompeting Tyr-343 in the cleavage reaction to give a dead-end hydrolytic product. By contrast, Flp(R191A) does not mediate direct hydrolysis of the MeP bond; rather, it utilizes Tyr-343 as the cleavage nucleophile to yield the tyrosyl intermediate (95) (Fig. 10A) . The absence of the tyrosyl intermediate during the breakage of the MeP bond by Flp(R308A) has been verified by the activity of the double mutant Flp(R308A,Y343F), which also yields the hydrolysis product with similar kinetics and V max as Flp(R308A). Thus, in addition to its FIGURE 7 A possible alternative mechanism for 2-micron plasmid amplification. A plasmid dimer may be formed by Flp-mediated recombination between two monomers. Resolution of the dimer by Flp during the act of replication will give rise to two interconnected circles being replicated iteratively by unidirectional replication forks. Such structures, named pince-nez molecules, have been observed by electron microscopy (65) . doi:10.1128/microbiolspec.PLAS-0003-2013.f7 (97, 98) . This difference between Flp and Cre may be rationalized by the trans versus cis organization of their respective sites. When a Cre monomer binds to one of the two binding sites of a target site, the tyrosine nucleophile concomitantly engages the adjacent scissile phosphate (Fig. 10C) . As a result, there is little FIGURE 9 Chemical substitutions at the scissile phosphate position and half-site substrates for probing recombination mechanisms. (A) When the 5′ bridging oxygen atom of the phosphodiester bond is replaced by sulfur, the significantly lower pKa of the 5′-thiol (compared to the 5′-hydroxyl) makes it a stronger leaving group. The 5′ thiolate substitution, in conjunction with active site mutants, can shed light on the general acid and/or accessory residues involved in facilitating leaving group departure. (B) When one of the nonbridging oxygen atoms of the phosphate group is replaced by a methyl group, the resulting methylphosphonate (MeP) has no negative charge in the ground state. Furthermore, the methyl substitution introduces chirality at the phosphate center. The MeP substitution is useful for the analysis of electrostatic and stereochemical features of the recombination reaction. (C) Half-site substrates simplify the recombination reaction while retaining its intrinsic chemical features. A half-site contains a single Flp binding element and a single scissile phosphate (or MeP) on the cleavable strand followed by three (or two) nucleotides of the strand exchange region. The modified scissile phosphate in the MeP half-site is indicated by the dot placed over the "p." The other (noncleavable) strand contains all eight nucleotides of the strand exchange region. When the 5′-hydroxyl group of this strand is phosphorylated, it is blocked from partaking in a strand joining reaction. Tyr-343 mediated cleavage of the MeP bond will give rise to the Flp-linked DNA intermediate, which can be hydrolyzed slowly over time. Cleavage within a half-site is nearly irreversible, as the short tri-or dinucleotide product diffuses away from the reaction center. Since Flp-bound half-sites can associate to form dimers, trimers, and tetramers, Tyr-343 can be donated in trans as the cleavage nucleophile. In principle, the same hydrolysis product can also be formed by direct attack of water on the MeP bond (shown at the left). However, such a reaction is not observed during the action of Flp on native DNA substrates containing an unmodified phosphate at the scissile position. doi:10.1128 /microbiolspec.PLAS-0003-2013.f9 (C) When a cis-acting recombinase (Cre, for example) monomer binds to its target site, the tyrosine nucleophile is oriented within the active site to engage the scissile phosphate. The binding of a second monomer allosterically activates this active site to trigger tyrosine-mediated strand cleavage. Thus, the scissile phosphate is not prone to attack by water acting as the nucleophile. (D) Binding of a Flp monomer activates the adjacent scissile phosphate even though the tyrosine nucleophile is not oriented within the active site. The engagement of the scissile phosphate by tyrosine must await the binding of a second Flp monomer. The time lag between the two binding events renders the scissile phosphate susceptible to direct hydrolysis. Electrostatic repulsion of water by Arg-308 appears to prevent this abortive reaction. doi:10.1128/microbiolspec.PLAS-0003-2013.f10 danger from direct hydrolysis. By contrast, binding of a Flp monomer activates the adjacent scissile phosphate without immediate engagement by the tyrosine nucleophile. The donation of Tyr-343 in trans must await the binding of a second Flp monomer to the binding element across the strand exchange region. The potential time delay between the two binding events gives water the opportunity to attack the activated phosphate group (Fig. 10D ). This untoward reaction is avoided by utilizing the positive charge on the Arg-308 side chain to misdirect water (which is electrically a dipole).
As the methyl substitution of one of the nonbridging oxygen atoms turns the normally symmetric phosphate group into an asymmetric center, an additional utility of the MeP substrates is in unveiling the stereochemical course of the recombination reaction. Stereochemically pure R P and S P forms of the MeP substrates are currently being used to dissect the individual stereochemical contributions of Arg-191 and Arg-308 and to probe how other members of the catalytic pentad might influence these contributions.
Flp REACTION PATHWAY: SINGLE MOLECULE ANALYSIS
Single molecule analysis of Flp recombination using realtime tethered particle motion (TPM) analysis has provided deeper insights into the prechemical and chemical steps of the reaction pathway ( Fig. 11 ) (99). The results obtained reveal interesting similarities and contrasts of Flp with λ Int and phage P1 Cre, which have also been characterized by single molecule TPM or by single molecule TPM as well as TFM (tethered fluorophore motion) (100) (101) (102) . The binding of recombinase to target sites and the pairing of bound sites is quite fast in all three cases, ruling out intrinsic barriers to synapsis during tyrosine family site-specific recombination, at least in vitro. There is a strong commitment to recombination following the association of Flp with the FRT sites. The formation of nonproductive complexes (those that do not synapse) and wayward complexes (those that do not form the Holliday junction intermediate or complete recombination after synapsis) constitute only minor detractions from the productive pathway. The stability of the synapse is enhanced by strand cleavage in the case of Flp and λ Int. However, Cre forms stable synapse even in the absence of strand cleavage. Despite the chemical reversibility of the individual reactions, a round of Flp recombination proceeds efficiently to completion, presumably aided by the conformational changes associated with each cleavage or joining step. Such irreversibility of an initiated recombination event would be a desirable attribute in vivo in bringing about the desired DNA rearrangement, namely, inversion of a replication fork in the case of Flp. However, the Holliday junction formed during Cre recombination is long lived, affording the opportunity for the reaction to reverse course, at least in vitro. It is possible that the in vitro Cre reaction fails to recapitulate the native regulatory features of recombination occurring within the phage genome organized into a nucleoprotein complex.
CONTRIBUTIONS OF THE 2-MICRON PLASMID TO BASIC BIOLOGY AND BIOENGINEERING APPLICATIONS
The 2-micron plasmid provides a model for how the collaboration between an efficient partitioning system and a copy number control system can confer chromosomelike stability on an extremely simple extrachromosomal genome (7) . It exemplifies the evolutionary success of a selfish element through strategies that take advantage of the genetic endowments of its host, while at the same time moderating its selfishness to avoid harming the host (103) . The plasmid partitioning system has provided the basis for propagating autonomously replicating plasmids with high stability in S. cerevisiae. Assuming that the proposed hitchhiking model for 2-micron plasmid segregation is correct, it may be possible to suitably engineer the Rep-STB system for the long-term maintenance of beneficial extrachromosomal elements in a variety of higher eukaryotes. The Flp sitespecific recombination system harbored by the plasmid has been seminal to unveiling phosphoryl transfer mechanisms in nucleic acids and to understanding conformational dynamics associated with strand exchange between DNA partners (70, 76) . The simple requirements of Flp and Cre reactions have been exploited to develop an analytical tool called "difference topology," which reveals the topological path of DNA within high-order DNA-protein complexes (7, (104) (105) (106) . The rationale is to first assemble the complex of interest and then utilize Flp or Cre recombination to trap the DNA supercoils sequestered within it as crossings of DNA knots formed in an inversion reaction or DNA links (catenanes) formed in a deletion reaction. Care is taken to avoid the random entrapment of supercoils by placing the recombination target sites within close proximity of the complex. The knot or catenane crossings can be counted by suitable analytical methods. A simplified description of the principles and practice of difference topology can be found in reference 7. The method can potentially be applied to deduce the topological aesthetics of complex DNA-protein interactions to which standard biochemical and biophysical techniques are unfortunately blind. For example, it would be interesting to know whether the interactions among promoters, enhancers, and activator or repressor binding sites during transcriptional regulation engender specific DNA topologies. The targeted genetic manipulations that can be accomplished by Flp and related recombination systems (107-109) have been particularly helpful in addressing basic problems in gene regulation and developmental biology. They have also provided a FIGURE 11 Single molecule TPM analysis of Flp site-specific recombination. The substrate DNA molecule containing a pair of FRT sites in direct (deletion substrate) or inverted (inversion substrate) orientation is tethered to a glass surface at one end and to a polystyrene bead at the other. The effective length of the DNA changes as a result of Flp binding to FRT sites or synapsis of the bound sites. Such changes can be assayed by changes in the Brownian motion (BM) amplitude of the attached bead (indicated schematically by the dashed line with arrowheads at either end). Within the recombination synapse, the chemical steps of recombination may or may not occur. The fate of the synapsed molecules can be revealed by the BM amplitudes they display after being stripped of noncovalently associated Flp. (A) The expected BM amplitudes following the addition of Flp to a deletion substrate. Binding of Flp to the FRT sites (unfilled rectangular boxes on the tethered DNA molecule) will cause a slight reduction in the BM amplitude because of the DNA bending induced by Flp. A more marked reduction in BM amplitude follows upon synapsis of the FRT sites. This low BM amplitude will be retained by the Holliday junction intermediate and the linear product of excision even after the addition of SDS. Flp-bound molecules that fail to synapse (nonproductive complexes) or synapsed molecules that fail to recombine (wayward complexes) will return to the high BM amplitude of the starting DNA substrate after SDS challenge. In the case of the inversion substrate, SDS challenge cannot distinguish a wayward complex from a completed recombination event. This is because the length of the inversion product is the same as that of the parental substrate. powerful tool for genome engineering. The generation of altered target specificity recombinase variants (110) (111) (112) (113) (114) (115) , as well as the regulated and/or tissue-specific expression of recombinases (108, (116) (117) (118) , has vastly expanded the utility of site-specific recombination in basic research and in biotechnological applications.
